Genome-wide mapping of transcription factor-DNA interactions in bacterial chromosomes in vivo has begun to reveal global zones occupied by these factors that serve two purposes: compacting the bacterial DNA and influencing global programs of gene transcription.
In single-celled organisms such as bacteria economy is critical, including the efficient use of space in the tiny cell. Although gene density in bacterial genomes is high, the chromosomes are still long macromolecules that must be compacted by at least three orders of magnitude to fit into the space available [1, 2] , and the mechanism of chromosomal packing in bacteria and the proteins involved is a long-standing question. In a recent study published in Molecular Cell, Saeed Tavoizie and colleagues (Vora et al. [3] ) have investigated protein binding across the complete Escherichia coli genome and have revealed extended regions of high protein occupancy. Together with other recent studies, this work provides valuable information on the chromosomal organization by DNA-binding proteins in bacteria and will aid understanding of their large-scale effects on gene expression.
Chromosomal size and dynamics in bacteria
A bacterial genome typically comprises a single circular DNA molecule, usually between 1.5 and 10 Mbp in freeliving bacteria [4, 5] , which in vivo is packaged with proteins into a distinct structure known as the bacterial nucleoid. The information encoded in one bacterial genome directs all functions necessary to maintain a functional and self-replicating living system, from basic tasks such as nutrient and energy uptake to complex coordinated ones, such as cell division. Initial observations indicated that when DNA is released from lyzed bacteria, the space it occupies is four to ten times larger than the cell itself, even though the DNA preserves supercoiled loops [6] . This implied that chromosomes are even more compacted inside the cell, probably by auxiliary proteins [2, 7] . In addition to DNA gyrase and DNA topoisomerase I, which maintain supercoiling levels of DNA [6, 8] , the so-called nucleoid-associated proteins (NAPs) were proposed to be in charge of most chromosomal remodeling tasks. Among others, Ishihama and colleagues have studied NAPs extensively, and at the end of the 1990s, Ali Azam et al. [9, 10] found that in cultured cells, each NAP is maximally expressed during specific growth phases.
The regulatory regions of transcription units are located in noncoding DNA sequences where transcription factors and RNA polymerases bind to the DNA to initiate transcription. The bacterial nucleoid structure is natively able to permit transcription, despite the microscopically observed loops and predicted further levels of genome compaction. This is probably due to the fact that the level of compaction is not as restrictive as that of eukaryotic chromatin [11] .
Even when transcription is permitted in bacteria, the effects of chromosomal compaction on gene expression are still not clear. Because nucleoid organization can be described on both a physical and a functional basis, these two properties should be analyzed and understood together. Nucleoid topology is strongly related to the binding patterns of NAPs. All the major NAPs, with the exception of Dps (the DNA-binding protein in starved cells), have been found experimentally to have a functional association with the regulation of gene expression. These regulatory NAPs are: Fis (factor for inversion stimulation), HU (histone-like protein), H-NS (histone-like nucleoid structuring protein), and IHF (integration host factor). The concentrations of these proteins vary in different growth phases, from 10,000 to 60,000 monomers per cell, in contrast to local regulators such as LacI, which is present at a maximum of 20 monomers per cell [12] . These observations, together with knowledge of the hierarchy of regulatory networks, have led to the hypothesis of 'analog' and 'digital' components of gene regulation in bacteria. The analog component is represented by the wide influence of superhelical and chromosomal loops (mediated by NAPs) in background regulation, and the digital component by the qualitatively more effective (almost binary) regulation exerted by DNA-binding specific transcription factors [13, 14] .
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Genome-wide chromosomal occupancy by DNA-binding proteins
Chromatin immunoprecipitation followed by DNA microarray (ChIP-chip) was developed 10 years ago as a technique for identifying all those sites on the chromosome occupied by a particular DNA-binding protein at a given time [15] . Protein-DNA complexes are purified by precipitation with antibodies against the protein, and the DNA fragments are then separated and analyzed by microarray to identify the binding sites. In E. coli, this technique has been used to determine the binding sites for RNA polymerase, for global transcriptional regulators such as CRP (cAMP receptor protein), Fis, H-NS, IHF and Lrp (leucine-responsive protein), and for some local regulators, such as MelR (melibiose metabolism regulator) and LexA (SOS regulatory protein) (Figure 1 ) [16] [17] [18] [19] . In this way a genome-wide profile of binding sites for transcription factors in DNA is beginning to emerge for E. coli.
Figure 1
Occupancy profiles of DNA-binding factors on the Eschericha coli K12 chromosome (gray line), based on integrated results from three different laboratories. Genes are represented by purple and turquoise arrows on forward and reverse strands, respectively. Outer circles represent the EPODs (domains greater than 1 kb with high protein occupancy) reported by Vora et al. [3] . EPODs were clustered using the median expression level across domains obtained from the supplementary material to [3] : heEPODs are red, and tsEPODs are blue. Inner circles represent individual ChIP-chip binding patterns of known transcription factors: CRP [17] ; Fis, HN-S, IHF, and Lrp [18] ; and LexA [19] . All ChIP-chip data were obtained from the respective supplementary material. The figure was created using the CGview program [24] . CRP, cAMP receptor protein; FIS, factor for inversion stimulation; heEPOD, highly expressed extended protein occupancy domain; H-NS, histonelike nucleoid structuring protein; IHF, integration host factor; Lrp, leucine-responsive protein; LexA, SOS regulatory protein; tsEPOD, transcriptionally silent extended protein occupancy domain. In their recent study Vora et al. [3] aimed at obtaining all the protein-DNA complexes present in E. coli at early and late exponential growth phases, respectively. This genomewide screening methodology is known as in vivo protein occupancy display (IPOD). To recover occupied DNA sequences at a high resolution, they obtained short fragments (50 bp) of DNA protected by proteins and then used a high-density tiling array to analyze the DNA. In order to cover the entire E. coli genome, the array was composed of overlapping oligomers of 25 bp, designed to locate a DNA fragment at a resolution of 4 bp of genomic DNA.
Vora et al. [3] detected 2,063 individual protein-occupied sites, some of which were found in close proximity to each other -forming what the authors call extended protein occupancy domains (EPODs) with lengths ranging from 1 to 14 kbp (Figure 1 ). They then determined the transcriptional profiles of the EPODs by DNA microarray analysis and found that they fell into two groups -highly expressed (heEPODs) and transcriptionally silent (tsEPODs). Using previous data of Grainger et al. [17] , who had determined DNA polymerase occupancy in the same growing conditions, Vora et al. found that the 121 heEPODs showed high polymerase occupancy whereas the 151 tsEPODs showed lower occupancy. The 121 highly occupied zones included highly expressed genes such as those for ribosomal proteins, while the 151 tsEPODs had a high content of predicted or hypothetical open reading frames that, interestingly, corresponded to transcriptionally silent genes ( Figure 1 ). An extensive search for putative H-NS-, Fis-and IHF-binding sites (available from RegulonDB [20] ) in the EPOD sequences indicated that binding sites for these proteins are overrepresented in tsEPODs, whereas only Fis showed overrepresentation of binding sites within heEPODs. This was as expected, as Fis is maximally expressed at the beginning of the exponential growth phase and regulates the transcription of the ribosomal genes, among others. On this basis, Vora et al. [3] hypothesize that tsEPODs may comprise the predicted structural organizational center of the bacterial nucleoid, potentially also carrying out the important functional task of repression of silent DNA sequences by H-NS [21, 22] .
Taking it further
The work of Tavazoie and colleagues [3] opens up the possibility of studying, at a high resolution, the zones of the nucleoid occupied by the entire repertoire of transcription factors. The next step should be to obtain chromosomal occupancy profiles at different growing phases -that is, lag, early, mid, and late exponential and early and late stationary phases. With these data, investigators should be able to obtain a dynamic picture of protein occupancy for NAPs along the different growth phases of a bacterial culture. As each NAP is produced maximally at different growth phases, one would expect that the nucleoid dynamics would be different, influencing the running of global transcriptional programs within each growth phase -that is, the analog programs [13, 14] . In parallel, computational efforts should be made to find all putative binding sites in DNA for the approximately 81 transcription factors in RegulonDB [20] that currently have experimentally annotated binding sites. This will enable determination of the digital control exerted in each growth phase. To reveal the complete picture of the dynamic nucleoid, efforts should be made to characterize the binding sites for the complete repertoire of around 300 transcription factors in the E. coli genome. It is intriguing that chromosomal loops, EPODs and the maximal operon size are all around 10 kbp. If not a coincidence, this could reflect the presence in E. coli of local supercoiling domains whose boundaries limit coordinated transcription, by analogy with observations in eukaryotes [23] .
